The role of active-site residues in the dealkylation reaction in the P S C S diastereomer of 2-(3,3-dimethylbutyl)methylphosphonofluoridate (soman)-inhibited Torpedo californica acetylcholinesterase (AChE) was investigated by full-scale molecular dynamics simulations using CHARMM : 400 ps equilibration was followed by 150-200 ps production runs with the fully solvated tetracoordinate phosphonate adduct of the wild-type, Trp84Ala and Gly199Gln mutants of AChE. Parallel simulations were carried out with the tetrahedral intermediate formed between serine-200 Oγ of AChE and acetylcholine. We found that the NεH in histidine H + -440 is positioned to protonate the oxygen in choline and thus promote its departure. In contrast, NεH in histidine H + -440 is not aligned for a favourable proton transfer to the pinacolyl O to promote dealkylation, but electrostatic stabilization by histidine H + -440 of the developing anion on the phosphonate monoester occurs. Destabilizing interactions between residues and the alkyl fragment
INTRODUCTION
Due to their critical role in neurotransmission and their preminence as biological catalysts, acetylcholinesterases (AChEs) have attracted much attention of enzymologists [1] [2] [3] [4] [5] . (The numbering of residues in the present paper is that of Torpedo californica AChE, unless otherwise specified. The residue numbering of other cholinesterases (ChEs) is followed by the residue number of T. californica AChE in parenthesis.) AChEs hydrolyse their natural substrate, acetylcholine (ACh) at near the diffusional rate limit at low substrate saturation and with a k cat approx. 10% s −" under saturation [1] [2] [3] 5] . The catalytic prowess of ChEs extends beyond these natural reactions to the efficient hydrolysis of a number of carboxylic and phosphonate esters.
The interactions that occur in covalently linked tetracoordinate [6] [7] [8] [9] [10] and pentacoordinate [11] fragments that mimic transients in the reaction of the natural substrate, ACh, and that are constituents of inhibitors, were computed in this laboratory using molecular mechanics calculations. Interactions with key active-site residues were characterized for tetracoordinate phosphonate and carboxylate fragments [6] [7] [8] [9] . The results were compared with the stabilizing interactions calculated for phosphonylated trypsin and chymotrypsin. Organophosphorus of the inhibitor enforce methyl migration from Cβ to Cα concerted with CO bond breaking in soman-inhibited AChE. Tryptophan-84, phenyalanine-331 and glutamic acid-199 are within 3.7-3.9 A / (1 A / l 10 −"! m) from a methyl group in Cβ, 4.5-5.1 A / from Cβ and 4.8-5.8 A / from Cα, and can better stabilize the developing carbenium ion on Cβ than on Cα. The Trp84Ala mutation eliminates interactions between the incipient carbenium ion and the indole ring, but also reduces its interactions with phenylalanine-331 and aspartic acid-72. Tyrosine-130 promotes dealkylation by interacting with the indole ring of tryptophan-84. Glutamic acid-443 can influence the orientation of active-site residues through tyrosine-421, tyrosine-442 and histidine-440 in soman-inhibited AChE, and thus facilitate dealkylation.
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(OP) compounds were used in these calculations as uniquely powerful probes that can provide four or five valences for testing the active-site environment. Secondary reactions, collectively called aging, produce a negatively charged phosphonate monoester anion of the enzymes that is completely resilient to nucleophilic reactivation. The physiological consequences of these reactions are of great interest in chemical defence and pesticide chemistry.
The phenomenon that ChEs efficiently catalyse dealkylation after they become inhibited with OPs is rather baffling when considering the dissimilarities between dealkylation and acyl transfer that ChEs evolved to accelerate. The charge distribution at the transition state(s) of transacylation is actually the opposite to that apparent in dealkylation of OP adducts of ChEs. Dealkylation in the P S diastereomers of 2-(3,3-dimethylbutyl)-methylphosphonofluoridate (soman)-inhibited ChEs occurs at approx. 10 orders of magnitude faster than in a non-enzymic model reaction [12] [13] [14] [15] ; the question is why ?
The basic tenet of our model for the mechanism of dealkylation in soman-inhibited ChEs is the electrostatic ' push-pull ' mechanism of transition-state stabilization in Scheme 1 [6, [12] [13] [14] [15] . Several experimental facts support this model. (1) The pH dependence in the pH range 3.5-10 of the reaction in a number of ChEs is bell-shaped, with a lower pK of approx. 4.5 and
Scheme 1
consistent with the ionization of one or two carboxylic acids, one of which is most probably glutamic acid-199. (2) Glutamic acid-199 in AChE is very mobile and appears to be a surrogate general base catalyst. The carboxylic acid preceding the catalytic serine is conserved in many serine proteases, but with a different conformation and role, and is always ionized. (3) Polarizable aromatic π-electrons also promote carbenium ion formation during dealkylation. (4) The upper pK calculated from the pH rate profile for dealkylation is consistent with that of histidine H + -440. (5) The Glu199Gln mutant of T. californica AChE [16] , Glu202Gln mutant of mouse AChE [14] , Glu202Gln mutant of human AChE [17, 18] , Trp86Ala and Phe330Ala mutants of human AChE [19, 20] and the corresponding mutations in human butyrylcholinesterase [14, 15, 21] showed much diminished capacity for dealkylation when inhibited with soman. (6) 99 % of the product of the reaction is derived from a tertiary rather than a secondary carbenium ion [22] . (7) Solvent isotope effects are near unity [12] [13] [14] [15] . The experimental results strongly indicate that CO bond breaking is concerted with a backside methyl migration in dealkylation in soman-inhibited ChEs.
Previously, we employed stochastic boundary molecular dynamics (SBMD) [10, 11] to identify residues that play a role in stereoselectivity of phosphonylation and the residues that can promote aging, i.e. dealkylation, in soman-inhibited ChEs [6] [7] [8] [9] . The structural model that originated from these studies attributed dealkylation in soman-inactivated AChE to interactions with residues histidine H + -440, glutamic acid-199 and tryptophan-84 at the active site [6] [7] [8] [9] [10] [11] . A ' push-pull ' effect of the negatively charged glutamic acid-199 and aromatic residues, particularly tryptophan-84, on one side, and the electropositive region of the active site, i.e. the protonated histidine H + -440 and the oxyanion hole, on the other side were proposed to promote the aging reaction in ChEs.
However, SBMD simulations do not provide information on the specific mode of interactions between active-site residues and more remote residues that affect the rate of dealkylation. Some of these residues have been identified by mutations, but it is not clear how they are involved. For instance, significant differences in residue fluctuation and in the correlated motions of residues upon binding of substrates and inhibitors to lysozyme had been observed and related to protein dynamics during catalysis [23] . Very recently, the tremendous importance of dynamics of remote portions of enzymes during catalysis has been brought in focus of mechanistic enzymology [24] . There is currently no other way to elucidate these factors but by using appropriate computational experiments and theory. Therefore the present paper looks at interactions between active-site and remote residues and phosphonate fragment or choline fragment during unconstrained molecular dynamics simulations, which originate in SBMD simulations, of the fully solvated adducts of AChE formed with the most reactive diastereomer of soman and with ACh. The results of identical simulations with the Trp82Ala and Glu199Gln mutants of AChE are also analysed herein for comparison. These full-scale molecular dynamics calculations, geometric parameters for specific interactions and cross-correlation coefficients for the interaction of pairs of residues reveal many expected, but also some unanticipated, mediated long-range interactions of residues.
MATERIALS AND METHODS
The starting coordinates of T. californica AChE were taken from the entry 1ACE [25] in the Brookhaven Data Bank [26] . The missing side chains and residues 485-489 were built using the standard values from the parameter file for the internal coordinates. Residues 1-3 and 535-537 missing from the structure were not reconstructed. Hydrogen atoms were added using the HBUILD routine of CHARMM (V25b) [27] . Acidic and basic residues were given unit electrostatic charges. All tyrosine and cysteine residues were neutral. The protonation sites of the histidine residues were based on the availability of H-bond donors or acceptors and were identical with those published earlier [8, 9, 11] . Histidine-440 was protonated on Nδ in AChE and on both Nδ and Nε in the adducts. The protein structure had been refined to a 0.005 kcal\mol (1 cal l 4.184 J) energy convergence criterion in these earlier calculations using molecular mechanics.
The structure was solvated by placing it in an equilibrated box of water molecules [28, 29] . All water molecules which were not in the crystal structure and with oxygens closer than 2.5 A / (1 A / l 10 −"! m) from the nearest protein atom or farther than 6.0 A / were deleted. The 2942 added water molecules (8826 atoms) were equilibrated at 300 K for 10 ps, while keeping the 8339 protein atoms and the 69 crystallographic water molecules fixed to allow for a favourable distribution of water molecules on the protein surface. The whole structure was further energy minimized by 200 steps of steepest descent followed by 200 steps of the Adapted Basis Newton Raphston method. The structures were then equilibrated for 200 ps in a molecular dynamics simulation. A solvation shell of this type was shown to sufficiently stabilize the protein structure on a 100 ps time scale molecular dynamics simulation [28] . Molecular dynamics program CHARMM (V25b) [27] was used with the all-atom parameter set [30] and a dielectric constant, ε l 1. The modified TIP3P solvation model was used [31] . Long-range electrostatic forces were treated with the force switch method [32] in a switching range of 8-12 A / . Van der Waals forces were calculated with the shift method [33] and a cut-off of 12 A / . The non-bond list was kept to 14 A / and updated heuristically. The leap-frog method with 1 fs step size was used for numerical integration. The temperature for the simulation was set to 300 K. Preliminary calculations were carried out on an SGI Indigo 2 workstation and molecular dynamics simulations were on a Cray T3E platform at the Pittsburgh Supercomputing Center. A small part of the calculations was carried out on a Cray J90 computer at the National Cancer Institute Biomedical Supercomputing Center of the Frederick Cancer Research and Development Center, Frederick, MD, U.S.A.
Small molecule fragments

ACh covalently bound to serine-200 Oγ
This was generated by connecting ACh to serine-200. Partial atomic charges for atoms connected to the tetracoordinate carbon were taken from earlier, minimum neglect of differential overlap calculations [33, 34] . All other parameters were taken from the CHARMM (V25b) parameter file [30] .
Tetracoordinate phosphonate fragment covalently bound to serine-200 Oγ
This was built and energy optimized as described earlier [8, 11, [33] [34] [35] . Partial atomic charges for the tetracoordinate intermediate, bond stretching, angle bending and torsional parameters for the phosphonate fragment covalently bound to serine Oγ were developed earlier [11] . The energy-optimized phosphonate fragment was covalently bound to serine-200 Oγ in AChE, the adduct was energy minimized, and prepared as follows. (1) The structure was equilibrated, which was followed by a 200 ps SBMD simulation. (2) The structure was heated to 1500 K (20 K\ps), equilibrated for 20 ps at 1500 K and cooled back to 300 K at a rate of 10 K\ps and this was followed by 120 ps SBMD. The two structures were essentially identical. In this study the structures were further equilibrated in a 100 ps molecular dynamics simulation to eliminate bad contacts. Protein residues farther than 6 A / from the phosphonate fragment were fixed initially. Thus the fully solvated adducts of the protein were equilibrated for a total 400 ps, which was followed by a 160-200 ps production phase without any constraint.
The Trp84Ala mutants were built by replacing the indole sidechain of tryptophan with H. The Glu199Gln mutant was built by replacing a carboxyl oxygen of glutamate with NH # . All starting structures were minimized in order to eliminate bad contacts, as described above, followed by 160-200 ps full molecular dynamics simulation production runs. The cross-correlations in atomic fluctuations were calculated for displacements from the mean positions of atoms A (∆R A ) and B (∆R B ) using the formula [23] :
The values obtained from the above equation are in the k1.0-j1.0 range. A value of 1.0 can be obtained for a perfectly correlated motion of atom A with atom B, a value of k1.0 is for perfectly anticorrelated motion and a value of 0.0 is for uncorrelated motions.
RESULTS
Choice of systems
The starting structure for dealkylation in P S C S -soman-inhibited AChE is the tetrahedral adduct, a very unstable intermediate, formed after serine attack at phosphorus and fluoride ion departure (OP-AChE). The tetracoordinate adduct of somaninhibited AChE had already been energy optimized and prepared for molecular dynamics simulations by different methods. (1) The structure was equilibrated followed by a 120 ps SBMD simulation. (2) Simulated annealing was used (1500 K) to allow for passing over large conformational barriers. In this work, parallel full-scale simulations were performed for the adducts of the wild-type (WT), the Trp84Ala mutant, and the Glu199Gln mutant. The Trp84Ala mutation served to assess the influence of the removal of the indole ring and the Glu199Gln mutation reduced the negative electrostatic field at the active site and the phosphonate fragment. Simulations were also carried out for the tetrahedral intermediate formed after serine attack on the natural substrate, ACh (ACh-AChE), for comparison. Geometric parameters used in the following analysis were from the average of the last 20 structures of the production runs, each of which is an average structure of a 2 ps sampling. Table 1 summarizes the interactions of histidine H + -440 with active-site residues in OP-AChE and in ACh-AChE and mutants. The interaction of histidine H + -440 with glutamic acid-327 in the catalytic triad is unaffected by the phosphonyl fragment, or mutations. In the WT and Trp84Ala OP-AChE, histidine H + -440 Nε is approx. 0.6 A / closer to serine-200 Oγ than to the O in the pinacolyl group (OEP). This is caused by the electrostatic interaction between glutamic acid-199 and histidine H + -440, as shown in Figures 1 and 2 . In both cases histidine H + -440 Nε is at a short distance from glutamic acid-199 Oε.
Interactions of histidine H + -440 and residues of the oxyanion hole
The Glu199Gln mutation removes the negative charge on residue 199 and, as a consequence, histidine H + -440 Nε is positioned closer to both serine-200 Oγ and OEP than in the WT and Trp84Ala mutant AChE, as shown in Table 1 and Figure 3 .
The orientation of histidine H + -440 in ACh-AChEs (results not shown) is similar to that in the OP-Glu199Gln adduct. Histidine H + -440 is positioned 0.6-0.7 A / farther from glutamic acid-199 Oε in the ACh-AChE adduct than in OP-AChE and OP-Trp84Ala, as shown in Table 1 . But it is 1.1-1.2 A / closer to glutamic acid-199 Oε in ACh-AChE than in OP-Glu199Gln.
The distance between the negatively charged oxygen, phosphoryl O, and the amide nitrogen of glycine-118 is 0.4-1.1 A / longer in OP adducts and in the ACh-Glu199Gln adduct than the corresponding distance, Gly118 N-H-OEACh, in ACh-AChE (WT) and ACh-Trp84Ala, as shown in Table 2 . The interactions with glycine-119 and alanine-201 are approximately the same in all OP and ACh adducts.
Interactions of Glu199, Trp84 and Phe331
Distances between the alpha-carbon in pinacolyl (CαP), betacarbon in pinacolyl (CβP), the methyl group in t-butyl (C t H $ P) and the closest oxygen of the carboxylate, glutamic acid-199 Oε, were calculated, as shown in Table 3 . CβP and C t H $ P are closer to glutamic acid-199 Oε than CαP is in all OP adducts. The interactions of the choline group with glutamic acid-199 were also monitored in ACh-AChE adducts for comparison with OP-AChE adducts. As shown in Table 3 , CαCh is at approximately the same distance from glutamic acid-199 Oε as CαP is. But the quaternary nitrogen is 1.4 A / farther from glutamic acid- The centre of the π electron density in the indole ring and the phenyl ring was chosen for calculating the distance of tryptophan-84 and phenylalanine-331 to the pinacolyl group. Again, CβP and C t H $ P are closer to the indole ring in tryptophan-84 than CαP is in all OP adducts. The phenyl ring of phenylalanine-331 is nearly at the same distance from CβP as from CαP in the OP-AChE adducts, but the Trp84Ala mutation results in a 0.6 A / increase in the distance between CβP and phenylalanine-331 and a 0.7 A / decrease in the distance between CαP and phenylalanine-331. The benzene ring in phenylalanine-331 is 1 A / farther from a CH $ of the t-butyl fragment in the pinacolyl group in OP-Trp84Ala than in the other adducts.
Interactions of residues of the acyl-binding site, Tyr130, Glu443 and the Ω-loop
The distances for these interactions are provided in Table 4 and the cross-correlations for the atomic fluctuations are given in Table 5 . The Tables include data for a critical solvate water 
DISCUSSION
The results of unconstrained molecular dynamics simulations of the fully solvated and covalently modified enzyme presented above provide a structural framework for the identification of residues destabilizing the pinacolyl fragment in the phosphonyl adduct, which is the ground state for dealkylation. Although dealkylation is not in the natural repertory of ChE catalysis, yet the phenomenon of ground-state destabilization of enzymecatalysed reactions has been recognized as an important strategy [36, 37] . Furthermore, the results provide an insight into the disruption and restructuring of correlated motions when key residues are changed by site-directed mutations.
Interactions of histidine H + -440
Histidine H + -440 is a key residue in catalysing dealkylation. A major dilemma in postulating the mechanism of dealkylation has been whether or not proton transfer from histisine H + -440 to the OEP occurs to promote dealkylation. Such pre-protonation would be required for the formation of a secondary carbenium ion at Cα in a stepwise mechanism [18] [19] [20] 38 ]. In contrast, histidine H + -440 stabilizes the developing negative charge on OEP through electrostatic interactions in the concerted mechanism [12] [13] [14] [15] , as shown in Scheme 1. Thus the relative orientation of histidine H + -440 to the active-site residues and phosphonate fragment in the structure preceding dealkylation is important. The orientation of histidine H + -440 in Figure 1 disfavours proton transfer to the OEP before dealkylation. The experimental fact that concurs with this observation in the structure is solvent isotope effects near unity for dealkylation in a number of soman-inhibited ChEs. Histidine H + -440 Nε is closer to serine-200 Oγ than to OEP (Table 1 and Figure 1 ), suggesting the possibility of a proton transfer to serine-200 Oγ, which may contribute to reactivation with powerful nucleophiles of the soman-inhibited AChE (before dealkylation). The prevailing orientation of histidine H + -440 is the one promoting leaving group departure in ACh-AChE. This orientation has also been found in the molecular dynamics simulations of acyl-chymotrypsin by Nakagawa et al. [39] and by Bizzozero and Dutler [40] . Whereas the molecular dynamics simulations involve reaction intermediates and not transition states, their results point to unambiguous preferences for proton transfer just preceding the formation of transition states. Protonation of the leaving group for efficient CO cleavage in the adduct with ACh is much expected on both theoretical and experimental grounds. The data on ACh-AChE adducts in Table 1 support the contention that the positive charge on choline is responsible for keeping glutamic acid-199 and histidine H + -440 at the optimal distance and the right orientation for catalysis.
Interactions of residues in the oxyanion hole
It has been well established [9, 11, 25] that the amide hydrogens of the oxyanion hole residues, glycine-118, glycine-119 and alanine-201, are important in stabilizing the developing negative charge on the anion of the tetrahedral intermediate during the hydrolysis of ACh. However, the Gly118N-H-phosphoryl O distance and H-bonding angle in the OP-Glu199Gln mutant (Table 2) allow for a very weak interaction at best. As the bond length and geometry in tetrahedral C and P differ, the stabilizing interactions adjust to the specific conformation. An adjustment is also observable in the ACh-Glu199Gln adduct.
Interactions of glutamic acid-199
Methyl migration promotes CO bond breaking in the concerted mechanism. The non-classical carbenium ion formed at the transition state may be stabilized by electrostatic interactions with the carboxylate ion of glutamic acid-199, as in Scheme 1. Thus a short distance (Table 3) between the carboxylate ion of glutamic acid-199 and a methyl group, C t H $ P, connected to CβP, of the pinacolyl group supports the experimental observation that glutamic acid-199 plays an important role in promoting dealkylation in OP adducts. A stepwise mechanism would require that the positive charge develops on the secondary carbon, CαP, of the pinacolyl group. In this case the carboxylate ion of glutamic acid-199 should be positioned closer to CαP than to CβP or C t H $ P in order to promote dealkylation. However, the data in Table 3 suggest that a positive charge at CβP, or the nonclassical carbenium ion in Scheme 1, is more stabilized by glutamic acid-199 than a positive charge at CαP. These data again corroborate the concerted mechanism.
Because the electrostatic interaction between histidine H + -440 and glutamic acid-199 Oε is disrupted upon the Glu199Gln mutation, the side-chain of glutamine-199 is closer to the pinacolyl group in the OP-Glu199Gln mutant than in the WT OP-AChE or Trp84Ala mutant. The Glu199Gln mutation results in a reorientation of the choline side chain in the ACh-Glu199Gln adduct because of the elimination of the electrostatic effect of the negative charge on the carboxylate ion. The Glu202Asp(199) mutation also causes a decrease in the rate of a number of AChEcatalysed reactions and in the aging reaction in the somaninhibited adducts [17] . This is because the ionization constant of histidine H + -440 as a catalyst of dealkylation in soman-inhibited AChE is sensitive to this mutation as the negative electrostatic field in the enzyme is reduced [14] .
Interactions of tryptophan-84 and phenylalanine-331
At pH 6.0, the Trp86Ala(84) mutation in human AChE [19, 20] and the Trp82Ala(84) mutation in human butyrylcholinesterase [14] decrease the rate of dealkylation 2500-6000-fold. The Phe338Ala mutation in human AChE decreases the rate of dealkylation 172-fold [20] . Thus the interaction of the pinacolyl group with these residues is important in the dealkylation reaction. The close contact, 3.7 A / , between C t H $ P and the centre of the indole ring of tryptophan-84 can also enforce backside methyl migration. A carbenium ion is formed at CβP after a 1,2 methyl shift, which occurs during dealkylation [22] . Several studies showed that cations within 6 A / of the centre of phenylalanine, tyrosine and tryptophan side chains are stabilized by interactions with π-electrons of the aromatic rings in these residues [41] . The Trp84Ala mutation eliminates the stabilizing interaction of the developing carbenium ion at CβP with the polarizable indole ring of tryptophan-84. Removal of the indole ring also has an overall effect on the structural integrity of AChE, particularly at the active site.
The shift of phenylalanine-331 closer to CαP and away from CβP suggests that the Trp84Ala mutation diminishes the interactions of the developing carbenium ion at CβP with phenylalanine-331. Thus the tryptophan to alanine mutation has a complex effect on the dealkylation reaction in soman-inhibited ChEs ; it alters the stereochemical relationship of other residues to the pinacolyl fragment and thereby reduces the interactions between residues promoting dealkylation and the pinacolyl group. The Glu199Gln mutation also causes a slight increase (0.2-0.3 A / ) in the distance between the pinacolyl group and tryptophan-84 aromatic side chain or phenylalanine-331 aromatic side chain. This suggests that the Glu199Gln mutation may also weaken the interaction of the pinacolyl group with tryptophan-84.
In the adduct of ACh with AChE, the Trp84Ala mutation does not have any influence on the relationship between choline and phenylalanine-331. This suggests that the largest influence that the Trp84Ala mutation has on catalysis is due to the removal of the interactions between the substrate and the indole ring. It also affects the relative position of choline nitrogen to aspartic acid-72, which may influence choline release.
Interactions of tyrosine-130 and tyrosine-442
Removal of the phenolic OH by site-directed mutation at tyronsine-130 causes a reduction in the rate of aging. There are two reasonable roles of this residue : (a) it influences the orientation of the carboxylate ion of glutamic acid-199 by H-bonding ; (b) it interacts with the indole ring of tryptophan-84, keeping its orientation optimal for binding [42] . In order to test the first hypothesis, the distance between tyrosine-130 OH and glutamic acid-199 Oε (glutamine-199) was calculated in all simulations, as shown in Table 4 . This distance is between 6.76 and 7.11 A / in the OP adducts, while it is between 4.91 and 7.75 A / in the ACh adducts. These distances are too long for direct H-bonding interaction between the two residues. There is a crystallographic water, Wat535, to form a bridge between tyrosine-130 and glutamic acid-199\glutamine-199. As shown in Table 4 , a water Table 5 show that the motion of these two residues correlate well only in free AChE and in Glu199Gln OP-AChE, but not in WT OP-AChE. These data then do not support the first hypothesis.
To test the second hypothesis, the cross-correlations in atomic fluctuations between the tyrosine-130 side chain and the indole ring of tryptophan-84 were calculated for the WT adducts. As shown in Table 5 , the cross-correlation coefficient for the phenolindole interaction is between 0.29 and 0.35 in all adducts. The cross-correlation coefficient for the two side chains is 0.24 in free AChE. These data suggest that the motion of tyrosine-130 has a greater influence on the motion of tryptophan-84 in the OP adducts than in free AChE or ACh-AChE, supporting the hypothesis that effective binding of the pinacolyl fragment at tryptophan-84 in the soman adduct of AChE is enforced by the orienting effect of tyrosine-130.
Tyrosine-442 is in a similar relative position to tryptophan-84 as tyrosine-130 is. The cross-correlation between tryptophan-84 and tyrosine-442 is greater in all simulations than the cross-correlation between tryptophan-84 and tyrosine-130 (Table 5 ). This shows that tyrosine-442 has a greater influence on the rotation of the indole ring of tryptophan-84 than does tyrosine-130. Tyrosine-442 is located in a ring of aromatic residues above serine-200 ( Figure 5 ). The aromatic residues, tryptophan-84 and tyrosine-130, are apparently instrumental in substrate guiding and mediate motions of the active site to the periphery and other remote sites of the protein [29, 43] . The motion of these residues is generally well correlated in all simulations. The motion of tyrosine-442 is also well correlated with glycine-80, thus relaying motions between the ring of aromatic residues and the Ω loop.
Interactions of glutamic acid-443
Site-directed mutagenesis of glutamic acid-443 has shown it to be as important as tyrosine-130 in the aging reaction [20] . Glutamic acid-443 was proposed to influence the position of glutamic acid-199 through an ' H-bond network ' [13, 17, 18] . Since glutamic acid-199 is a key residue in the dealkylation reaction, the disruption of the ' H-bond network ' would change the orientation of the carboxyl group and thus reduce the rate of the reaction. To test this hypothesis, the interactions of glutamic acid-443 with other residues were analysed. The crystallographic water, Wat574, is the only water molecule, which may participate in the ' H-bond network '. However, tyrosine-421 is a better H-bond donor to glutamic acid-443 Oε than Wat574 in the energy minimized solvated structure. Glutamic acid-199 is involved in a strong electrostatic interaction with histidine H + -440 in OP adducts, which also diminishes its interaction with glutamic acid-443.
Another explanation may be that the H-bond between glutamic acid-443 and tyrosine-421 is important for proper positioning of tyrosine-442 and ultimately histidine H + -440. Tyrosine-442, which is also part of the aromatic circle, is positioned near tryptophan-84 and regulates the motion of the indole ring as shown above. As previously stated, histidine H + -440 is involved in stabilizing the developing negative charge on the phosphonate monoester anion during the dealkylation reaction. Consequently, any change in the orientation of the imidazole ring can slow down the dealkylation reaction. In return, any change in the orientation of the imidazole ring affects the orientation of the carboxyl group of glutamic acid-199. In conclusion, glycine-443 can influence the orientation of the carboxyl group of glutamic acid-199 through histidine H + -440. It can also influence the position of tryptophan-84 through tyrosine-442.
Mobility of Ω-loop residues
The Trp84Ala mutation is expected to affect the mobility of the Ω loop residues. The RMS fluctuation of residues that are in this loop was calculated for all adducts. As shown in Figure 4 , Ω-loop residues in WT AChE have the smallest RMS fluctuation for both adducts reflecting the importance of tryptophan-84 for the stability of this loop. Smaller RMS fluctuations are observed in OP-AChE than in ACh-AChE suggesting a lesser effect of the pinacolyl group than the charged choline-group on the stability of the Ω-loop residues. The Trp84Ala mutation is associated with higher RMS fluctuations for residues 73-76 in the OP adduct than in the ACh adduct. However, the same mutation causes smaller RMS fluctuations for residues 80-83 in the OP adduct than in the ACh adduct. This finding can be explained by the electrostatic interaction of the positively charged ammonium group in ACh with the carboxylate ion of glutamic acid-82 in the absence of the indole ring of tryptophan-84. This opens the possibility of an alternative exit route for choline in Trp84Ala mutants.
The Glu199Gln mutation produces higher RMS fluctuations for residues 72-74 in ACh-AChE than in the OP-AChE. This probably reflects the stabilizing effect on choline binding, of the negatively charged glutamic acid-199. The presence of the negative charge on residue 199 can be important for the proper positioning, by electrostatic repulsion of aspartic acid-72, of the Ω loop residues.
Conclusions
The structural basis of the push-pull mechanism of dealkylation in soman-inhibited AChE has been inferred from the present molecular dynamics calculations : the impetus for methyl migration stems from the electrostatic and steric push from glutamic acid-199 and tryptopahn-84 of the anionic binding site in the reactive intermediate. The average distance between glutamic acid-199 Oε and a methyl group of the quaternary carbon in Cβ of the pinacolyl group is only approx. 3.7 A / , and is the same from the centre of the indole ring in tryptophan-84. A methyl migration concerted with CO bond cleavage avoids formation of a secondary carbenium ion. Indeed, in the tertiary carbenium ion the centre of positive charge on the alkyl fragment is on Cβ, which is only 4.56 A / from the centre of the indole ring of tryptophan-84 and 5.09 A / from glutamic acid-199 Oε, whereas Cα is 5.84 A / from the same point in tryptophan-84 and 5.46 A / from glutamic acid-199 Oε. Hence electrostatic stabilization by lone pair and aromatic π electrons of the positive charge on Cβ is more substantial than on Cα. Molecular dynamics simulations with the Trp84Ala mutant show that the mutation not only affects interactions of the phosphonyl fragment with the indole ring, but also with phenyalanine-331. Cross correlations show that tyrosine-130 and tryptophan-84 interact more significantly in the OP adducts than in ACh-AChE adducts. In general, correlated motions between tryptophan-84 and tyrosine-442 are greater than between tyrosine-130 and tryptophan-84. Tyrosine-421 appears to be an H-bond donor to glutamic acid-443. This may also bear on the positioning of tyrosine-442, which orients histidine H + -440. Tyrosine-442 is also part of the aromatic circle, and its motion correlates with the motion of the indole ring of tryptophan-84. The Trp84Ala mutation causes higher RMS fluctuations for residues 73-76 in the OP adduct than in the ACh adduct, whereas the RMS fluctuations for residues 80-83 are smaller in the OP adduct than in the ACh adduct.
The molecular dynamics simulations support the plausibility of methyl migration from Cβ to Cα concerted with CO bond breaking. This would avoid sharp charge polarization at the transition state. Histidine H + -440 and the electropositive oxyanion hole provide the pulling effect to CO bond cleavage and stabilization of the negative charge developing on the phosphonate monoester anion. AChE destabilizes the pinacolyl group bound to the active site and perhaps stabilizes the transition state for dealkylation by a total of approx. 14 kcal\mol with respect to an appropriate nonenzymic reaction [12] [13] [14] [15] . The first intermediate formed is the tertiary carbenium ion, which then rapidly rearranges into neutral products [22] . The catalytic function of glutamic acid-199 includes electrostatic push in the ground state, stabilization of the developing positive charge at the transition state for the formation of the tertiary carbenium ion and general base catalysis. 
